If the electric current density applied in isotachophoresis (ITP) experiments is not too high, a linear relationship between the step heights (using an a.c. detector) and the specific zone resistance at 25°C (SZRz5) is obtained. In this way the SZRzs of a substance in ITP experiments can be obtained using two standard substances for which the SZRz5 values can be calculated using the mathematical model for the steady state in ITP. From the step heights of these two standards a linear relationship between step height and SZRzs can be set up and from this relationship and the step height of an ionic species its SZR 25 can be calculated. From the SZRz5 values all qualitative parameters such as the absolute mobility of the substances can be calculated. Hence no corrections for the differences in the temperature of the different zones have to be made. The absolute mobilities obtained show good agreement with literature values. If the absolute mobility and pK value of a substance are known, the response factor, RF, can be calculated; this is useful for quantitative determinations, in which case calibration graphs are not necessary. RF values were calculated and determined experimentally for several leading electrolyte systems. An average accuracy of about 3% can be obtained in practice.
If the electric current density applied in isotachophoresis (ITP) experiments is not too high, a linear relationship between the step heights (using an a.c. detector) and the specific zone resistance at 25°C (SZRz5) is obtained. In this way the SZRzs of a substance in ITP experiments can be obtained using two standard substances for which the SZRz5 values can be calculated using the mathematical model for the steady state in ITP. From the step heights of these two standards a linear relationship between step height and SZRzs can be set up and from this relationship and the step height of an ionic species its SZR 25 can be calculated. From the SZRz5 values all qualitative parameters such as the absolute mobility of the substances can be calculated. Hence no corrections for the differences in the temperature of the different zones have to be made. The absolute mobilities obtained show good agreement with literature values. If the absolute mobility and pK value of a substance are known, the response factor, RF, can be calculated; this is useful for quantitative determinations, in which case calibration graphs are not necessary. RF values were calculated and determined experimentally for several leading electrolyte systems. An average accuracy of about 3% can be obtained in practice. INTRODUCTION In a related paper, Gladdines et al. ' proposed the concept of the dimensionless response factor (RF), defined as: RF = til/lzl FQ (1) with ti is the zone length (s), I the applied electric current (A), lzl the valence of the ionic species (in equiv./mol ), F the Faraday constant (Cjequiv.) and Q the amount of the sample ionic species (mol). The RF value is a universal constant useful for quantitative determinations in isotachophoresis (ITP), independent of the apparatus used (e.g., diameter of the cap-F. M. EVERAERTS illary tube and detector) and electric current applied". The RF value was used for the analysis of intravenous injection solutions for 26 drugs and an accuracy of 2-39'0 was obtained.
This concept of the RF is especially interesting because it can easily be calculated with a steady-state model for ITP if the absolute mobility" and pK value of the sample substances are known. From the measured step heights in ITP, the absolute mobilities and pK values of substances can be calculated with the concept of the isoconductor2.
This means that from a single experiment (if the pKvalue is known) or from two experiments in two different leading electrolyte systems (if the mobility and pK are unknown). from the step heights the absolute mobility and/or pK value of an unknown sample substance can be calculated and hence, calculating the RF, the amount of sample can be obtained from the measured zone lengths. This powerful technique is based on the fact that in TTP the separation mechanism is well defined and the step height contains all qualitative and the zone length all quantitative information.
Using the concept of the isoconductor, the zone resistances must be obtained from the measured step heights. These step heights (zone resistances), however, depend on the type of apparatus (e.g., type of detector and diameter of the capillary tube) and applied electric current (e.g., temperature
and condition of the measuring electrodes). Some workers therefore use RE values3, PLJ values4 and relative step heights' to standardize the step heights. Although, e.g., RE and PU values can be used satisfactorily with potentiometric detectors, they are not suitable with a.c. detectors, although these parameters can be calculated from a.c. data. Gas et al.' presented a method for the measurement of mobilities by regulating the electric current applied in such a way that the thermal power at the detection site is constant and a constant temperature is created, so that corrections for the differences in temperature are superfluous.
In this paper we present a method for determining the specific zone resistance (SZR) at 25°C from two standard step heights. Using the concept of the isoconductor, absolute mobilities can be calculated. Further, it is shown how the RF can be calculated if the mobility and pK values of sample substances are known, and theoretical RF values are compared with those obtained experimentally.
THEORETICAL

If in ITP experiments
the steady state is reached, all sample ionic species migrate with equal velocity and a well defined concentration in consecutive zones. For an ionic species i this means that Qj = fiACj (2) where Qi is the amount of sample, fi the zone length (m), A the surface area of the 'This is true only for not too large differences in the electriccurrent, otherwise too large differences in zone temperatures can cause large differences in temperature-dependent parameters such as the mobilities and pK values.
h By absolute mobility, always the ionic mobility at infinite dilution is meant.
capillary tube (m2) and ci the total concentration in the zone (mol/m3). The time ti (s) needed to pass the detector will be
where vi is the ITP velocity (m/s). Because
where mi is the effective mobility of the substance (m2/Vs) and Ei the electric field strength in the zone (V/m), eqn. 3 can be written as
Using the equation
Ei= Ipi,lA (6) where I is the electric current (A) and pi the specific zone resistance (52 m), eqn. 5 can be written as
or fi I/ Qi = 1 / cimipi (8) In fact this is the RF (C/mol) and it represents the slope of a calibration graph of the product ZiZ (sA) W~SUS the amount of the sample, Qi. Although for strong electrolytes the definition of Gladdines et al.' (eqn. 1) is applicable, it is preferable to use the RF in C/m01 in order to avoid working with an "average charge z" for multi-valent weak electrolytes. With a steady-state model for ITP, all zone parameters, including ci, mi and pi can be calculated, from which the RF value can be obtained.
It must be noted that the formulation of the universal quantitative parameter RF has already been used implicitly and calculated for 287 anionic species by Hirokawa et d3 using the parameter t (ref. 3, Table IV), which is the time-based zone length (s) for lo-nmol samples at a driving current of 100 ,LLA. Hence the RF value (Cjmol) will be t.104. For the qualitative data, isotachophoretic equipment as described elsewhere' was used. In this equipment a casted separation and detection unit is used, through which optimum heat transfer leads to minimum temperature differences between the consecutive zones.
EXPERIMENTAL
In order to calculate the mobilities of ionic species using the concept of the isoconductor', the zone resistances must be obtained from the measured step heights. These step heights (zone resistances), however, depend on the type of apparatus (e.g., type of detector and diameter of the capillary tube) and applied electric current (e.g., temperature and condition of the measuring electrodes). First we checked the expected linear relationship between the measured step heights and SZR using the a.c. detector, by measuring the step heights for several dilute solutions of potassium chloride, the SZR of which are precisely known at 25°C. without applying an electric current. The relationship obtained is shown in Fig. 1 for an ITP apparatus with a capillary tube of 0.4 mm I.D. On applying different electric currents, heat will be produced so that all measurements on standard solutions of potassium chloride, even with a thermostated apparatus, will be made at different temperatures. resulting in lower step heights. Corrections for these temperatures are difficult as they are not known exactly.
However, the relationship set up between the measured step heights (for a specific electric current) and the SZR of the potassium chloride solutions at 25°C (SZRz5) can be used to determine the SZRzs of other substances. Because all ionic species show very similar temperature dependences of their mobilities, it can be assumed that ionic species with a SZR (step height) equal to that of a specific potassium chloride solution will have identical temperatures during the measurement and will have an identical SZRz5.
In Fig. 1 the relationships between step heights and SZRzs values for different potassium chloride solutions are given for several electric currents, which can be used to determine the SZRzs of components from ITP measurements. Over a wide range of SZRzs values a linear relationship is obtained, although for very dilute solutions of potassium chloride too low step heights were obtained, possibly owing to a high heat production, resulting in higher temperatures. In Table I 
Determination of SZRzJ in Q m
From the above, it can be concluded that for not too high electric currents and ionic species of not too low mobility, a linear relationship between the step heights and SZR25 can be expected (of course, the diameter of the capillary tube and the cooling capacity of the detector system also play an important part). Hence the SZRzs of a substance can be obtained using two standard substances for which the SZRzs values can be calculated (based on the mathematical model for the steady state in ITP). From the step heights of these two standard substances, the linear relationship between step height and SZR25 can be set up and from this relationship and the step height of an ionic species its SZR 25 can be calculated. The SZRzs values obtained are used as experimental parameters for the calculation of the absolute mobil- ities of sample ionic species and these can be used to calculate the RF values. AS standard substances both the leading ions, terminating or other ionic species can be used. For substances of very low mobility standards can be chosen with mobilities close to that of the sample component.
In our calculations, corrections for the concentration dependence of the mobilities and for activities were made. To check the accuracy of this method for the determination of the SZR15 values and the calculation of absolute mobilities, we measured the step heights of some anions using several leading electrolytes.
In Table II the pK values and absolute mobilities of the leading, counter and standard ionic species used in the calculations are given. In Table III the absolute mobilities calculated from the experimentally obtained step heights are given. All leading electrolyte solutions were prepared by adding the counter ionic species to O.OlM hydrochloric acid until the pHL was reached. The counter ionic species for the solutions were histidine (pHL = 6.08) creatinine (pHL=4.75) and p-alanine (pHL=4.40, 3.73 and 3.71). All values given in Table III were measured twice; the differences between the duplicates were less than 1%. The differences between the absolute mobilities obtained from different electrolyte systems are often larger, especially with low pHL values. In such a case the accuracy of both the pH,_ and the pK values is very important.
As an example, the absolute mobility of phenylacetic acid was calculated with a pK value of 4.41 (ref.
3) and 4.28 (ref. 9); the mobilities with the pK value of 4.28 were significantly better. As standards the leading ion chloride and acetate were always used and the electric current was 15 PA, except for the system at pHL = 3.71, where the standards were chloride and propionate and the electric current was 10 ,vA. This was done because in the systems at low pH the SZR are relatively high (about 50 Qm) compared with those of the other systems. A comparison with the literature values"." showed good agreement.
Cukulated and determined RF values
In order to check the applicability of the RF values, we compared calculated and experimentally obtained RF values. In Table IV For all calibration graphs the number of data points (N) and the regression coefficients are given. The calculated values and the values of t 10" are nearly equal although small differences arise owing to differences in the corrections to pK values and absolute mobihties in the calculations.
The experimental data from ref. 1 I measured with a thermometric detector also fit well. Although the impact of the use of RF values is large. the differences between the experimentally determined and calculated RF values are fairly high (average deviation 3%) although the differences of -5.1% (TMA) and -3.7% (TEA) are possibly due to inaccurate absolute mobilities and that of -4.4% @-aminobenzoic acid) tnay be due to the impurity of this substance.
The practical value of the RF data will depend strongly on both the accuracy of the measurement of the electric current and the accuracy of the preparation of the sample solutions.
For example, for the measurement of the RF value of Li+ we prepared a stock solution using lithium nitrate. The RF value agrees well with the calculated value. In the first instance, however, we prepared twice a stock solution from undried lithium chloride. The experimentally obtained RF values were 1.66 and step height of sodium) are given in Fig. 2 for a leading electrolyte of 0.01 Mpotassium hydroxide at a pHr. of 5 adjusted by adding acetic acid. The relationships are given for strong and weak monovalent and divalent ions. The absolute mobilities for the weak cations are taken as 50.10-5 cm'/Vs. All the calculated data are given in Table V. From Fig. 2 , it can be seen that the RF values for the strong divalent ions are about twice those for the monovalent ions. For weak cations the RF values are lower than those for strong cations with the same RSH, as their total concentration is higher in their zones. In Fig. 3 the relationships between RF values and RSH are given for strong monovalent negative ions and weak monovalent ionic species for a leading electrolyte consisting of 0.01 A4 hydrochloric acid at a pHL of 6 adjusted by adding histidine.
In Fig. 4 the relationships between the calculated RF values and the calculated RSH values are given for strong monovalent and divalent ions (identical with Fig. 2 ) but some values from Gladdines et al. ' have been added (recalculated to C/mol). It can easily be seen that the values for neostigmine methylsulphate (l), imipramine hydrochloride (2), procaine hydrochloride (3) and tetracaine hydrochloride (4) fit the relationship for monovalent ions, whereas suxamethioninechloride (5) isoprenaline sulphate (6) and atropine sulphate (7) belong to the divalent ions. Gallamine triethiodide (8) must be a trivalent cation, as would be expected from its molecular structure.
CONCLUSION
It can be concluded that the determination of SZRzs values using two standards in ITP experiments and the calculation of absolute mobilities from these SZRzs values lead to satisfactory results. If the absolute mobility and pK values of an ionic species are known, the RF values useful for quantitative determinations in ITP can be calculated.
The differences between experimentally determined and calculated RF values are about 3%. Too low experimental RF values can be caused if stock solutions are prepared with impure and undried substances; the theoretical RF values are then more reliable. Too high experimental RF values mean that the effective mobility of the ionic species is lower than as expected owing, e.g., to complex formation.
It is advisable always to consider the experimentally obtained RSH values as a check on these effects.
